Use of phylogenetic species concepts based on rDNA internal transcribe spacer (ITS) regions have improved the taxonomy of dermatophyte species; however, confirmation and refinement using other genes are needed. Since the calmodulin gene has not been systematically used in dermatophyte taxonomy, we evaluated its intra-and interspecies sequence variation as well as its application in identification, phylogenetic analysis, and taxonomy of 202 strains of 29 dermatophyte species. A set of primers was designed and optimized to amplify the target followed by bilateral sequencing. Using pairwise nucleotide comparisons, a mean similarity of 81% was observed among 29 dermatophyte species, with inter-species diversity ranging from 0 to 200 nucleotides (nt). Intraspecies nt differences were found within strains of Trichophyton interdigitale, Arthroderma simii, T. rubrum and A. vanbreuseghemii, while T. tonsurans, T. violaceum, Epidermophyton floccosum, Microsporum canis, M. audouinii, M. cookei, M. racemosum, M. gypseum, T. mentagrophytes, T schoenleinii, and A. benhamiae Medical Mycology, 2016, Vol. 00, No. 00 tree derived from ITS, BT2, and Tef-1α genes, some species such as E. floccosum and A. gertleri took relatively remote positions. Here, characterization and obtained dendrogram of calmodulin gene on a broad range of dermatophyte species provide a basis for further discovery of relationships between species. Studies of other loci are necessary to confirm the results.
Introduction
Annually, millions of humans and animals are infected by superficial fungal infections. As specialized filamentous fungi, dermatophytes have a specific ability to digest and grow on keratinized host structures such as skin, nails, and hair, causing the vast majority of mycotic infections. 1, 2 Based on their major natural predilection sites, dermatophyte species are classified into anthropophilic, geophilic, and zoophilic groups. The asexual forms (anamorphs) of dermatophytes are classified into Trichophyton, Epidermophyton, and Microsporum, and their sexual forms (teleomorphs) are members of the genus Arthroderma in the subphylum Ascomycotina. 1, 3 Diagnosis of dermatophyte infections is essential for appropriate antifungal therapy because of the length of treatment, potential side effects of the drugs, and their high cost. Moreover, having information on zoophilic or anthropophilic sources of the causative dermatophyte agent may allow prophylactic measures such as treatment of both animal or human reservoirs. 4 Precise definition and classification of microorganisms including bacteria, parasites, viruses, and fungi have always been of great relevance to taxonomic identity, phylogenetic analysis, epidemiology, and clinical microbiology. 5 To resolve the evolutionary relationships between dermatophytes, nucleic acid-based methods have been used since early 1980 s. Consequently, several genomic and molecular researches for characterization of dermatophytes has revealed a homogeneous group of species with very low genetic diversity in comparison with overall high phenotypic heterogeneity in dermatophytes. [5] [6] [7] [8] The following DNA fragments have been noticed as the main dermatophyte genetic markers: ribosomal DNA (rDNA) regions, [9] [10] [11] [12] [13] chitin synthase 1 (CHS1), [14] [15] [16] [17] DNA topoisomerase II (TOP-II), 18, 19 beta tubulin (BT2), 20, 21 and translation elongation factor 1-α (Tef-1α) genes. 20, 22 Phylogenetic analysis and identification of dermatophytes based on sequencing of the internal transcribed spacer (ITS) regions of rDNA has proved to be useful as a gold standard method. [23] [24] [25] [26] [27] [28] [29] [30] [31] Only a small number of nucleotide differences in the ITS regions have been observed in several ecologically and phenotypically separated Trichophyton species. 20, 32, 33 Moreover, current advances in molecular taxonomy and insights into mating discovered that Trichophyton mentagrophytes is a complex of anthropophilic and zoophilic species that produce different teleomorphs, leading to a confusion with regard to species denomination. 34, 35 Regardless of the various advantages of ITS as the primary genetic marker of dermatophyte identification, additional verification and refinement using other genes is critical to organizing sequence-based and classical species concepts. Since the calmodulin gene has not been systematically used in dermatophyte taxonomy, in this study, our aim was to evaluate nucleotide sequence analysis of calmodulin gene as a new genetic marker for a subset of dermatophyte species, as well as to assess its application with regard to identification, phylogenetic analysis, and taxonomy studies based on intra-and interspecies variation. Several reference strains and clinical isolates including a wide range of common and rare pathogenic species were used for this purpose.
Materials and methods

Reference strains and clinical isolates
A total of 202 strains of 29 dermatophyte species comprising 60 reference strains and 142 clinical isolates were used for sequence analysis of partial calmodulin gene ( Table 1) . The reference strains were obtained from Centraalbureau voor Schimmelcultures (CBS), Utrecht, the Netherlands, and Teikyo University, Institute of Medical Mycology (TIMM), Tokyo, Japan. The clinical isolates were collected from a variety of specimens, including skin, nail, and hair submitted to two medical mycology laboratories in Tehran, Iran. The clinical isolates were identified to species level by an already described PCR-restriction fragment length polymorphism (PCR-RFLP) method 9 and in some cases based on ITS-sequencing. Species names were determined according to Graser et al. 35 Hence, T. 
DNA extraction
All fungal strains were cultured on Mycobiotic agar (Difco, Detroit, MI, USA) and incubated at 27
• C for 7 days.
DNA was extracted and purified from fungal colonies as previously described 36 . Briefly, a small amount of the colonies was allocated to a 1.5-ml tube containing 300 μl of lysis buffer (100 mM Tris-HCl, pH 7.5, 10 mM EDTA, 0.5% w/v SDS, 100 mM NaCl), 300 μl of phenol/chloroform (1:1), and 300 μl of glass beads (0.5 mm in diameter), vortexed for 5 min and centrifuged at 5,000 rpm for 5 min; the supernatant was transferred to a new tube and re-extracted with chloroform. DNA was precipitated with an equal volume of 2-propanol and 0.1 volume of 3 M sodium acetate (pH 5.2), kept at −20
• C for 20 min, and centrifuged at 10,000 rpm for 10 min. The pellet was washed with 300 μl of 70% ethanol, air dried, and eventually, the DNA was resuspended in 50 μL of sterile distilled water.
Species identification by PCR-RFLP
All 202 clinical and reference isolates were subjected to PCR amplification using the primers ITS1 (5 -TCCGTAGGTGAACCTGCGG-3 ) and ITS4 (5 -TCCTCCGCTTATTGATATGC-3 ). 37 PCR reactions were prepared in final volumes of 25 μL, containing 12.5 μL of premix (Ampliqon, Denmark), 2 μl of DNA template, and 0.5 μM of each forward and reverse primer. PCR cycling conditions were as follows: 6 min initial pre-incubation at 94
• C, followed by 35 cycles consisting of denaturation at 94
• C for 30 s, annealing at 58
• C for 30 s, and extension at 72
• C for 1 min, with a final extension at 72
• C for 10 min. All strains were identified to species level by PCR-RFLP analysis as previously described. 9 Digestion of PCR products was performed by incubating 8 μL of PCR product with 0.5 μl of the enzyme MvaI Fast digest (Fermentas Life Sciences, Lithuania), 1.5 μl of 10X buffer, and 5 μl of water at 37
• C for 20 min. PCR amplicons and RFLP-products were analyzed by agarose gel electrophoresis in TBE buffer (Tris 0.09 M, Boric acid 0.09 M, EDTA 2 mM) at 100 V for approximately 60 min using 1.5% and 2% agarose gels, respectively. For species identification, the size of fragments generated by enzymatic digestion were compared with references RFLP profiles. 9 
PCR for calmodulin gene amplification
For calmodulin gene amplification, after alignment and analysis of calmodulin gene sequences, a novel set of pan-dermatophyte primers was designed manually with MEGA6 38 and Geneious (http://www.geneious.com) softwares as follows: CF1 5 -TGTCCGAGTACAAGGAAGC-3 and CF2 5 -TTACAATCAATTCTGCCGTC-3 . PCR reactions contained 12.5 μl of premix (Ampliqon, Denmark), 2 μL of DNA template, 0.5 μM of each primer, and enough water up to reach a final reaction volume of 25 μl. Two negative controls (water instead of fungal DNA) were added to each PCR. The reaction mixture was initially denatured at 95
• C for 5 min, followed by 35 cycles of 30 s at 94
• C, 45 s at 58
• C, and 45 s at 72
• C, and a terminal extension step of 72
• C for 5 min. For the strains that failed to amplify, a nested PCR was set up for successful amplification of the gene by using the degenerate primers CF1 5 -GCCGACTCTTTGACYGARGAR-3 and CF4 5 -TTTYTGCATCATRAGYTGGAC-3 39 for the first round PCR and the above mentioned primers for the second round. One microliter of the first PCR product was diluted 1:50, and 1 μl of the dilution was added to reaction mixture as template. PCR products were separated by electrophoresis on 1.5% agarose gels and visualized by staining with ethidium bromide (0.5 μg/ml) and photographed under UV irradiation.
Sequencing and phylogenetic analysis
For purification of PCR products, 50 μl ethanol was added to 20 μl of each product, kept at -20
• C for 30 min, and centrifuged at 12,000 rpm for 10 min. The pellet was air-dried and resuspended in 25 μl of distilled water. PCR products were sequenced bilaterally using the primers CF1 and CF2 and the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA), on an automated DNA sequencer (ABI PrismTM 3730 Genetic Analyzer, Applied Biosystems), according to the manufacturer's instructions. Forward and reverse sequences of each sample were subjected to ClustalW pairwise alignment using Geneious and MEGA6 38 softwares and edited manually to improve alignment accuracy. The consensus nucleotide sequence data determined in this study were deposited in the GenBank, under the accession numbers KM213523 -KM213525, KM387096 -KM387280, and KP781963 -KP781977 (Table 1) .
Based on the quality of the sequencing, consensus sequences derived from the forward and reverse sequences had different lengths, therefore, the common first and last points of the entire sequence were determined, and poorly aligned DNA sequences were removed. Finalized sequences were subject to BioEdit software version 7.0.5 40 for pairwise comparisons and multiple alignment to determine similarities and differences in nucleotides.
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Pairwise similarity values were calculated by dividing the number of matching nucleotides by the total length of the alignment. Phylogenetic trees were constructed with unambiguously aligned sequences using the neighbor-joining (NJ) method with the Tamura-Nei parameter as substitution model as implemented in the MEGA6 program. 38 The reliability of internal branches was assessed using the bootstrap method with 1000 replicates.
Results
To evaluate the applicability of using calmodulin gene sequences for differentiation and phylogenetic studies of dermatophyte species, a part of the gene was successfully amplified for 202 strains. The sizes of the region ranged from 488 to 532 nucleotides (nt). The smallest size was found in M. ferrugineum, M. canis, and M. audouinii, comprising only 488 nt, and the longest in M. persicolor, with 532 nt. Most Trichophyton species had identical sizes, 518 nt (Table 1) . Multiple alignment of the sequences indicated the presence of significant diversity and differences within the sections and species of dermatophytes. Figure 1 shows the multiple DNA sequence alignment of calmodulin gene sequences in the most common pathogenic dermatophytes and confirms that the nucleotide regions 75-89, 184-309, and 438-541 are evolutionarily conserved, which could be useful for robust pan-dermatophyte primer and probe design, while genetic variability is typically limited to fragments 1-74, 90-183, and 310-437. Bioinformatic analysis showed that these parts are in fact introns in the gene.
Pairwise nucleotide alignment of calmodulin gene sequences in tested dermatophytes indicated a mean similarity of 81% between the species. Figure 2 . A preliminary analysis using an alignment including all sequences made in this study gave a similar overall species topology as in Figure 2 (results not shown) .
Sequence
Closely related species in different groups formed wellsupported clades in the calmodulin gene tree (Fig. 2) Calmodulin gene tree topologies of dermatophyte species were similar to ITS, BT2 and Tef-1α regions (data not shown), except some species such as E. floccosum and A. gertleri which segregated to relatively remote positions.
The phylogenetic tree of calmodulin sequences revealed a cluster consisting anthropophilic and zoophilic Trichophyton species, in which members of the Trichophyton were classified into four groups (Fig. 2) . Based on the nucleotide sequences, the members of A. vanbreuseghemii, T. rubrum, A. simii, and A. benhamiae complexes were found in this cluster, which branched far away from all other complexes of geophilic, zoophilic, and anthropophilic Microsporum species and geophilic Trichophyton species.
Phylogenetic analysis showed that E. floccosum is closely related to M. cookei, M. racemosum, and A. obtosum /A. gertleri with identical calmodulin sequences, forming a single group with good bootstrap support.
Discussion
Dermatophytosis is of primary public health concern causing morbidity and significant costs to the society because of their chronic nature and longlasting therapy. 41 For many years, morphological analysis and physiologic characteristics have been used for dermatophyte identification, but misidentification caused by phenotypic variations among strains necessitates molecular identification methods relying on stable genetic characteristics. 42 The lack of correlation between phenotypic observations and data provided by molecular techniques has been observed for most dermatophyte taxa. Therefore some authors suggest taxonomic revision of dermatophytes, which could lead to significant decreases of taxa. In comparison, other authors believe that despite their high genetic similarity, main dermatophyte taxa should remain separate species. 24, 43, 44 Molecular biological surveys of fungal phylogeny by different methods such as the GC content of chromosomal DNA, 45 Therefore, further progress in molecular diagnosis of dermatophytosis requires investigation of additional molecular markers. The calmodulin gene expressed in all eukaryotic cells, is shown to be highly conserved both functionally and structurally, and the protein encoded plays a crucial role in proliferation, motility, and cell cycle development. 63, 64 The target has been well used in phylogenetic analysis and identification of species of Aspergillus, 39, 65 Penicillium, 66 and Fusarium. 67 Therefore, this genetic marker could be a candidate for genetic analysis of dermatophytes. In this study, the calmodulin gene was analyzed in a wide range of Trichophyton, Microsporum, and Epidermophyton species to determine the nucleotide sequences and phylogeny of dermatophytes. Molecular data on this gene could provide insight into the molecular basis and genetic relationships of different dermatophytes. In addition, the availability of nucleotide sequence data obtained from distinct DNA fragments will help to design specific primers for individual dermatophytes species.
Phylogenetic relationships inferred from calmodulin gene analysis were in accordance with those derived from analysis of ITS, 23 BT2, 21 and Tef-1α 22 regions, resulting in the recognition and separation of Epidermophyton, Trichophyton and Microsporum species and segregation of geophilic species away from zoophilic and anthropophilic species, while phylogenetic analysis of LSU 51 sequences
does not permit distinction of the three anamorphic genera of dermatophytes from each other. The length of calmodulin sequences across the different strains varied from 488 to 523 bp. Given that protein-coding genes are usually conserved between different species, the differences in sequence length between the different dermatophytes are mainly due to length variation in the intron regions.
The phylogenetic analysis (Fig. 2) showed a cluster consisting of anthropophilic and zoophilic Trichophyton species, supported by a bootstrap value of 100%. Members of this cluster were classified into four groups, including A. vanbreuseghemii, T. rubrum, A. simii, and A. benhamiae complexes. The calmodulin sequence homology of the strains of these complexes was observed to be more than 87%, and an interspecies variation rate of 0-34 bp (Table 2) was observed between the taxa. The lengths of calmodulin sequences of the different strains in this cluster, ranged from 517 to 520 bp ( Table 1 ), indicating that these species are very closely related. Phylogenetic analyses of actin (ACT), 60 A. benhamiae and T. concentricum. The present study showed that the dermatophytes species pathogenic to humans, T. rubrum and T. violaceum, are members of the T. rubrum complex. In addition to establishing the significance of calmodulin gene analysis from a taxonomic standpoint, the calmodulin DNA sequence database (based on interspecies variation ranging from 1 to 2 nucleotides) was used to identify these important species.
Calmodulin intraspecific sequence variation was detected in T. rubrum, which may prove useful for typing purposes, while intra-species variation was not observed in T. violaceum sequences, indicating that this species is genetically homogeneous.
Graser et al. 72 investigated the genetic variation in T. rubrum using random amplified monomorphilic DNA (RAMD), single-strand conformation polymorphism (SSCP), and RFLP, and found that all of these methods failed to show any polymorphism across T. rubrum strains, indicating a strictly clonal and genetically homogeneous population, while Jackson et al. 10 showed that genetic polymorphism in T. rubrum exists in the NTS region rather than in other genetic markers such as ITS, BT2, and Tef-1α regions. The present study showed that the closely related species T. simii, T. mentagrophytes, and T. schoenleinii formed a well-supported clade with a bootstrap value of 100% in the calmodulin tree, including these as members of the A. simii complex (Fig. 2) . This finding is in accordance with results inferred from ITS, 23 actin, 60 Tef-1α, 22 genes support the theory that T. schoenleinii originated from camels.
Trichophyton ajelloei and Trichophyton eboreum as geophilic species, and with morphologic, physiologic, and genetic structures unambiguously differing from all previously described Trichophyton species, grouped in a separate cluster, far away from the other complexes (Fig. 2) (Fig. 2) . The geophilic dermatophytes M. cookei and M. racemosum (anamorphs of Arthroderma) have been reported to cause superficial infection of animals and occasionally of humans, while E. floccosum is a common anthropophilic agent involved in human infections. 76 Interestingly, these three species had identical sequences (100% similarity), being indistinguishable from each other based on calmodulin gene analysis. Likewise, Kawasaki et al. 8 used RFLP analysis of mitochondrial DNA and concluded that Epidermophyton could not be separated from the genera Trichophyton and Microsporum. On the other hand, E. floccosum is separated from the other mentioned species by ITS, 23 BT2, 21 and Tef-1α. 22 In contrast, based on ITS analysis, Graser et al. 23 concluded that E. floccosum is somewhat related to the anthropophilic Trichophyton, evidenced by a long paraphyletic branch. Since calmodulin sequences were identical for M. cookei and M. racemosum, it appears that they could be incorporated into one species. These findings agree with the low resolution inferred from Tef-1α, ITS and BT2 data sets. 21, 22, 77 Calmodulin sequence analysis showed that the geophilic strains M. fulvum, M. gypseum, and A. incurvatum along with the less human-pathogenic strains such as M. nanum, A. gertleri, and M. persicolor formed a distinct group, separated from the other geophilic species. The close relationship between the strains of all these species in the phylogenetic tree is also supported by ITS, 23 BT2, 21 Microsporum gypseum, the most common geophilic species implicated in human dermatophytosis, is linked to two teleomorphs, A. gypseum and A. incurvatum. Despite many morphological similarities, these two teleomorphs differed by a total 56 bp across the calmodulin gene.
Nevertheless, the resolution of the calmodulin gene was inadequate to separate M. nanum and A. gertleri strains. However, due to the low number of tested species, further studies on more isolates are required to confirm the results.
In conclusion, in the present study the phylogenetic positions of dermatophytes, which are fungi pathogenic to humans, were assessed based on nucleotide sequences of the calmodulin gene as a new genetic marker. The data reported here provide a basis for further discovery of relationships between species. Dermatophyte tree topologies were almost in concordance with those observed for other loci, such as ITS, BT2, and Tef-1α. The following taxa with the same sequences are so closely related that they are probably conspecific: E. floccosum/ M. cookei/M. racemosum and A. gertleri/A. obtosum. Therefore, studies of other loci as well as more isolates of zoologic and geophilic species are necessary to confirm the results.
